ABSTRACT Three pulse echo peak shift and transient grating (TG) measurements on the plant light-harvesting complexes LHCII and CP29 are reported. The LHCII complex is by far the most abundant light-harvesting complex in higher plants and fulfills several important physiological functions such as light-harvesting and photoprotection. Our study is focused on the lightharvesting function of LHCII and the very similar CP29 complex and reveals hitherto unresolved excitation energy transfer processes. All measurements were performed at room temperature using detergent isolated complexes from spinach leaves. Both complexes were excited in their Chl b band at 650 nm and in the blue shoulder of the Chl a band at 670 nm. Exponential fits to the TG and three pulse echo peak shift decay curves were used to estimate the timescales of the observed energy transfer processes. At 650 nm, the TG decay can be described with time constants of 130 fs and 2.2 ps for CP29, and 300 fs and 2.8 ps for LHCII. At 670 nm, the TG shows decay components of 230 fs and 6 ps for LHCII, and 300 fs and 5 ps for CP29. These time constants correspond to well-known energy transfer processes, from Chl b to Chl a for the 650 nm TG and from blue (670 nm) Chl a to red (680 nm) Chl a for the 670 nm TG. The peak shift decay times are entirely different. At 650 nm we find times of 150 fs and 0.5-1 ps for LHCII, and 360 fs and 3 ps for CP29, which we can associate mainly with Chl b $ Chl b energy transfer. At 670 nm we find times of 140 fs and 3 ps for LHCII, and 3 ps for CP29, which we can associate with fast (only in LHCII) and slow transfer between relatively blue Chls a or Chl a states. From the occurrence of both fast Chl b $ Chl b and fast Chl b ! Chl a transfer in CP29, we conclude that at least two mixed binding sites are present in this complex. A detailed comparison of our observed rates with exciton calculations on both CP29 and LHCII provides us with more insight in the location of these mixed sites. Most importantly, for CP29, we find that a Chl b pair must be present in some, but not all, complexes, on sites A 3 and B 3 . For LHCII, the observed rates can best be understood if the same pair, A 3 and B 3 , is involved in both fast Chl b $ Chl b and fast Chl a $ Chl a transfer. Hence, it is likely that mixed sites also occur in the native LHCII complex. Such flexibility in chlorophyll binding would agree with the general flexibility in aggregation form and xanthophyll binding of the LHCII complex and could be of use for optimizing the role of LHCII under specific circumstances, for example under high-light conditions. Our study is the first to provide spectroscopic evidence for mixed binding sites, as well as the first to show their existence in native complexes.
INTRODUCTION
Green plants contain two types of photosynthetic reaction centers, PSI and PSII, which work in series to split water into hydrogen ions and oxygen molecules and to reduce NADP þ to NADPH (van . To collect energy from sunlight photons, these photosynthetic reaction centers are aided by light-harvesting complexes. Specifically, PSII is surrounded by the core antennae CP47 and CP43 and the peripheral antennae LHCII, CP29, CP24, and CP26 (van Amerongen and Boekema et al., 1999a Boekema et al., , 1999b Boekema et al., , 2000 . LHCII is by far the most abundant of these antennae at a density of about four LHCII trimers per PSII reaction center (van Amerongen and van . Over the last years, LHCII has been the subject of intense study for several reasons. In the first place, it is of major physiological importance and a total of $50% of all chlorophyll on earth is bound to this complex. It is capable of fulfilling several roles, such as light-harvesting for the PSI reaction center, light-harvesting for the PSII reaction center, and protection against excess light damage through nonphotochemical quenching (Ruban et al., 1996; Barzda et al., 2000; van Amerongen and van Grondelle, 2001 ). The latter two functions are also fulfilled by the minor antennae CP29 and CP26 (Ruban et al., 1996; Bassi et al., 1997) . To fulfill these roles LHCII is a relatively flexible complex, which can change at least its xanthophyll content, aggregation state, and phosphorylation state as required. Last but not least, for a long time LHCII was the only plant antenna for which a structural model at reasonably high resolution was available. In its natural form in the membrane, the LHCII antenna appears as a trimeric complex. It is known from biochemical analysis Croce et al., 1999) that an isolated LHCII trimer contains 21-24 chlorophylls a (Chls a), 15-18 Chls b, and three types of xanthophylls: six luteins, three neoxanthins, and about one violaxanthin.
In 1994, Kühlbrandt et al. (1994) resolved the structure of LHCII to 3.4 Å with the use of electron diffraction on twodimensional crystals of trimers. In each monomer they found three transmembrane a-helices forming a scaffold for the pigments. For the 12 chlorophylls that are visible, the Chl a/b identity could not be determined. Kühlbrandt therefore used the efficiency of Chl-to-xanthophyll triplet transfer as an argument for a tentative assignment. The seven Chls in the center of the structure in van der Waals contact with the two resolved xanthophylls were taken to be Chls a, the other five were considered as Chls b. The numbering of the Chls in this assignment is still universally used to refer to the corresponding binding sites even though some identities are probably different (see below).
For the minor antenna CP29, no crystal structure is available. From biochemical studies it is known to bind two Chls b and six Chls a (Pascal et al., 1999) , and it always appears in monomeric form. The CP29 antenna has a large protein sequence homology (Jansson, 1994; Green and Durnford, 1996; Croce et al., 1996) to LHCII with identical or similar binding sites at eight positions. The identity of the Chls at these sites was originally derived directly from the LHCII assignment of Kühlbrandt . In the last few years, several studies on complexes with mutated binding sites Rogl and Kühlbrandt, 1999; Yang et al., 1999; Bassi et al., 1999; Simonetto et al., 1999) have shed new light on the identity of the Chls for both antennae. The determination of the biochemical and spectral properties of the mutated complexes has led to alternative Chl a/b assignments for LHCII Rogl and Kühlbrandt, 1999; Yang et al., 1999) and to an independent assignment for CP29 Simonetto et al., 1999 ) (see also van Amerongen and van and references therein).
The structures with the chlorophyll identities as proposed by Bassi and co-workers Bassi et al., 1999; Simonetto et al., 1999) are shown in Figs. 1, a (LHCII) and b (CP29). For both complexes, the same four Chl a sites were found by all authors Rogl and Kühlbrandt, 1999; Yang et al., 1999; Bassi et al., 1999; Simonetto et al., 1999) to be conserved with respect to the original Kühlbrandt assignment, namely the central Chls a at the top: A 1 , A 2 , A 4 , and A 5 . For CP29, Bassi and co-workers proposed that the other four binding sites, A 3 , B 3 , B 5 , and B 6 , can bind either Chl a or Chl b, or shortly, that they are mixed sites. For LHCII, the same authors found three mixed sites Bassi, Università de Verona, personal communication, 2001 ), the sites A 3 and B 3 , like in CP29, and the site A 6 . The last five sites in LHCII can bind only one type of Chl: B 1 binds a Chl a; and B 2 , B 5 , B 6 , and A 7 bind Chls b. For CP29, to get the correct Chl a:Chl b ratio, half of the mixed sites will have to bind Chl a, the other half Chl b.
For LHCII, the ratio should be two Chls a to one Chl b. Whether this ratio is the same in each single antenna complex or is just an ensemble-averaged property is not known. Kühlbrandt and co-workers, who carried out similar mutagenesis studies on LHCII (Rogl and Kühlbrandt, 1999; Yang et al., 1999; Rogl et al., 2002) propose a different assignment without mixed sites. The mutation studies all involve the in vitro reconstitution of the complexes from a protein and pigment mixture. Arguing that mixed sites are not likely to exist in native complexes (Rogl and Kühlbrandt, 1999; Rogl et al., 2002 ) Kühlbrand c. s. proposed an assignment for LHCII with Chls a at sites A 1 , A 2 , A 3 , A 4 , A 5 , and B 3 , and Chls b at sites B 5 and B 6 . They did not determine the chlorophyll identities at the sites A 6 , A 7 , B 1 , and B 2 .
The results from mutation studies described above are mostly in agreement with many studies (Du et al., 1994; Bittner et al., 1994 Bittner et al., , 1995 Visser et al., 1996; Connelly et al., 1997; Trinkunas et al., 1997; Kleima et al., 1997; Gradinaru et al., 1998a Gradinaru et al., , 1998b Gradinaru et al., , 2000 Hillmann et al., 2001 ) of the energy transfer dynamics in both complexes, which also have led to questioning of the original Kühlbrandt assignment . In most energy transfer studies, the spectral evolution in time of the Chl Q y band was observed with the pump-probe technique. The Q y transition lies between 640 nm and 660 nm for the Chls b, and between 660 nm and 680 nm for the Chls a. In Fig. 2 , the room temperature absorption spectra of both complexes are shown. Although these spectra appear rather featureless, spectroscopy at low temperature (Pascal et al., 1999; Hemelrijk et al., 1992; Nussberger et al., 1994; van Amerongen et al., 1994) has shown that they consist of many different bands. In the Chl b region of CP29, two individual peaks at 638 nm and 649 nm show up in the lowtemperature absorption and linear-dichroism (LD) spectra (Pascal et al., 1999) . In the Chl b region of LHCII, several distinct features were observed between 648 nm and 652 nm. Unfortunately, the width of the corresponding bands remains larger than their spectral separation at all temperatures (Hemelrijk et al., 1992; Nussberger et al., 1994) . The main band of Chl a absorption peaks at 676 nm in both complexes and is thought to correspond to about four to five individual Chls a (Hemelrijk et al., 1992) . At low temperature, a lowest state is found at 680 nm (Reddy et al., 1994; Pieper et al., 1999 ) that corresponds to approximately one pigment. Also, the Chl a band of LHCII has a pronounced shoulder at 670 nm, with an oscillator strength corresponding to two or three pigments. For CP29, no prominent shoulder is observed. Some Chl a absorbing quite far to the blue, at around 663 nm, is present in LHCII (Rogl et al., 2002; Hemelrijk et al., 1992; Nussberger et al., 1994) .
The wide range in excited-state energies introduces a clear directionality in the energy flow in both complexes. The above mentioned pump-probe studies (Bittner et al., 1994 (Bittner et al., , 1995 Visser et al., 1996; Connelly et al., 1997; Trinkunas et al., 1997; Kleima et al., 1997; Gradinaru et al., 1998a, b) , two-pulse echo study (Hillmann et al., 2001) , and fluorescence study (Du et al., 1994) have identified several downhill energy transfer processes. These can be divided into two categories: Chl b $ Chl a transfer and blue Chl a $ red Chl a transfer. Additionally, some energy transfer between (almost) isoenergetic pigments, i.e., from Chl b to Chl b (Agarwal et al., 2000) , and between main band Chls a (van Savikhin et al., 1994; Du et al., 1994; Gradinaru et al., 1998b ) is thought to take place.
Upon excitation of the Chl b pigments, energy transfer to Chl a takes place at a variety of rates that are virtually identical at room temperature (Du et al., 1994; Bittner et al., 1994 Bittner et al., , 1995 Connelly et al., 1997; Trinkunas et al., 1997) , and at cryogenic temperatures (Visser et al., 1996; Kleima et al., 1997; Gradinaru et al., 1998a Gradinaru et al., , 2000 . In both LHCII and CP29, fast energy transfer to Chl a is seen to occur with a time constant of ;200 fs in both complexes. For LHCII, an additional phase of ;600 fs is also observed (Bittner et al., 1995; Visser et al., 1996; Connelly et al., 1997; Kleima et al., 1997) . Much slower energy transfer from Chl b to Chl a, in ;2 ps for CP29 (Gradinaru et al., 1998a) and in 4-9 ps for LHCII (Visser et al., 1996; Trinkunas et al., 1997; Kleima et al., 1997 ) also takes place. In CP29, the slow Chl b is the red one absorbing at 649 nm and the fast Chl b is the blue one (Gradinaru et al., 1998a) . The red (slow) Chl b transfers to a relatively blue Chl a; the blue (fast) Chl b transfers to main-band Chl a absorbing above 675 nm. For LHCII, the amplitudes of the three lifetimes are distributed more or less as follows: 200 fs (40%), 600 fs (40%), and 4-9 ps (20%). A clear identification of the corresponding pigments is not possible as the Chl b pigments cannot be excited selectively. From simultaneous modeling of steadystate spectroscopy and energy transfer (Visser et al., 1996; Kleima et al., 1997; Iseri et al., 2000) , and from comparison of monomers and trimers (Kleima et al., 1997) , some information about the involved Chls a was obtained: in the trimer, both fast and slow Chl b ! Chl a energy transfer excites mostly main-band Chl a, as well as one or two blue Chls a.
Most pump-probe studies have shown that further equilibration among Chls a occurs after Chl b ! Chl a transfer. Studies of relaxation processes upon excitation at several wavelengths in the Chl a band of LHCII were carried out at a temperature of 77 K by Visser et al. (1996) , and by Gradinaru et al. (1998b) . Gradinaru et al. identified five different transfer processes. The blue-most Chl a pigment, which absorbs at around 663 nm, transfers its energy to main-band Chls a at the rather slow rate of ;5 ps. The pigments that absorb at around 670 nm transfer to the 676 nm pigments with two very different time constants of 300 fs and 12-20 ps. In room temperature experiments, all based upon Chl b excitation, slow transfer from 670 nm to 676 nm was also observed and found to proceed twice as fast as at low temperature, in ;6 ps (Bittner et al., 1994 (Bittner et al., , 1995 Connelly et al., 1997) . Connelly et al. (1997) also observed a 180 fs relaxation component with some amplitude in the Chl a region. Possibly, all Chl a equilibration is twice faster than at low temperature. Further equilibration of the main-band pigments toward the redmost transition was observed at 77 K by Visser et al. (1996) , and Gradinaru et al. (1998b) , on two timescales, in ;450 fs and in 7.5 ps. In CP29, for transfer from 670 nm Chls a to 676 nm Chls a, similar transfer times were seen at 77 K as in LHCII (Gradinaru et al., 1998a) . Other Chl a ! Chl a transfer processes were not observed. Calculations of Chl a ! Chl a transfer in CP29 by Cinque et al. (2000) suggest that subpicosecond equilibration takes place between all of the central Chls a at A 1 , A 2 , A 4 , and A 5 . For an overview of the processes described above, see the rightmost column of Table 5. In the above discussion, all transitions are described as if belonging to a certain pigment. However, calculations (van Amerongen and Iseri et al., 2000; Iseri and Gülen, 2001) show that a considerable amount of exciton delocalization occurs in both complexes. This is most strongly the case for the Chls a, for which van Amerongen and van calculate that, in FIGURE 2 Absorption spectra (77 K) of LHCII (solid ) and CP29 (dotted ) together with spectra of laser pulses at 650 nm (dash-dot) and 670 nm (dashed ).
LHCII, excitonic coupling leads to a 50% increase of the width of the total Chl a band. They also find that the Chl a and Chl b band exchange oscillator strength, with the Chl a band increasing 8% in intensity at the expense of the Chl b band. Within the Chl b band, the calculated excitonic coupling can be either strong or weak depending on the specific Chl a/b assignment (van Amerongen and van Iseri and Gülen, 2001) . Altogether, for both complexes, the average number of pigments contributing to a certain transition is usually three or four according to Iseri et al. (2000) , and Iseri and Gülen (2001) . Nevertheless, in the case of two pigments absorbing at rather different energies, the corresponding exciton states will be mostly localized on one of the pigments.
The situation will be different in the case that transfer between isoenergetic pigments occurs. This type of transfer has not yet been studied very extensively in these antennae for the following reasons. Isoenergetic transfer cannot be observed in isotropic pump-probe experiments, because these rely on the occurrence of spectral changes. A second disadvantage of pump-probe is the need for spectrally narrow pulses that have a long time duration. This complicates the search for fast processes that would correspond to strong coupling. Slow isoenergetic energy transfer between main-band Chls a was studied with the use of polarized pump-probe Savikhin et al., 1994) . Anisotropy decay times of ;5 ps were observed at room temperature for excitation wavelengths of 675 nm and above. Unfortunately, the time resolution of these studies was not sufficient to probe subpicosecond transfer steps. A recent attempt at specific identification of isoenergetic energy transfer in LHCII was done by Agarwal et al. (2000) , with the use of the three pulse echo peak shift (3PEPS) technique. They observe a very rapid decay of the peak shift when exciting at 650 nm, which they can only explain if Chl b $ Chl b transfer takes place within a few hundred fs. After excitation at 670 nm, they find several peak shift decay times, which they interpret as downhill energy transfer between Chls a. For CP29, no comparable study has yet been done.
In this paper, we describe a 3PEPS study of both LHCII and CP29. Both complexes were excited in the Chl b region at 650 nm and in the Chl a region at 670 nm. By comparing the two complexes, we expect to identify specific transfer processes, in particular between isoenergetic pigments or states. At 650 nm, we hope to observe Chl b $ Chl b energy transfer in the 3PEPS decay. The 670 nm peak shift should show whether transfer can also occur between blue Chl a pigments. In addition to 3PEPS, we have used the transient grating (TG) method, which monitors downhill energy transfer. This should enable a good comparison with previous results obtained with the pump-probe technique. On the basis of our results, we also hope to answer the question whether mixed binding sites occur in the native complexes.
The 3PEPS and TG techniques will be described in the Methods section. In the Results section, the data are presented and the main timescales are determined using exponential fits. These timescales form the basis of a qualitative interpretation of the data in the Discussion section, with the focus on Chl a and Chl b energy transfer properties. In a subsequent paper, detailed simulations of the data will be presented.
METHODS
The three pulse echo peak shift technique
The 3PEPS method was first used to study solvation processes in liquids by monitoring the spectral diffusion of a dye solute (see e.g., Joo et al., 1995 Joo et al., , 1996a de Boeij et al., 1995) . Later, 3PEPS was applied to several photosynthetic systems with the goal of observing both pigment-protein coupling and interpigment energy transfer (Agarwal et al., 2000; Joo et al., 1996b; Jimenez et al., 1997; Yu et al., 1997; Groot et al., 1998; Salverda et al., 2000; Agarwal et al., 2001 ). An overview of several of these studies can be found in Salverda and van Grondelle (2001) . The 3PEPS technique has been discussed in detail in many previous papers (see e.g., Salverda et al., 2000) and the main principles will be described here. The configuration of a 3PEPS experiment is shown in Fig. 3 . We will describe the principle of this experiment using the impulsive limit. In the 3PEPS experiment, a sequence of three laser pulses, each with a slightly different direction of propagation k 1 , k 2 , or k 3 , is focused onto the sample. A fourth pulse, the photon echo, is emitted in the direction k 3 þ k 2 ÿ k 1 at a time t after the third pulse, with t the delay between the first two pulses. The time-integrated intensity of the echo is measured as a function of delay t, with the delay T between the second and third pulse, also known as population time, as a parameter. The distance of the maximum of this signal (further referred to as the echo) from t ¼ 0, the peak shift, is then determined as a function of T. The decay of the peak shift with T reflects all processes that lead to frequency changes (described as Dv(t)) of those pigments within the spectral window of the pulses that are still excited. This can be explained in the following way.
Pulses 1 and 2 generate a frequency-dependent modulation of the excited-state population within the laser bandwidth, a so-called frequency grating, which has a modulation period proportional to 1/t. During the time T between pulses 2 and 3, the modulation depth and width of the grating produced by the combined effect of the first two pulses will be affected by changes in transition frequencies of the pigments within the laser bandwidth, rather like in a transient hole-burning experiment. The amplitude of the grating also decays, which is due to loss of population, for instance due to energy transfer to pigments absorbing outside the laser window, but this does not affect the peak shift. Because intraband frequency changes efface a fine grating more easily, an increasingly coarse grating is needed to survive when longer T values are used. As a more widely spaced grating corresponds to a smaller delay between pulses 1 and 2, this means that the echo intensity maximum gets closer and closer to zero t. Thus, the decay of the peak shift as a function of T reflects the loss of correlation, averaged over all pigments, between the excitation frequency at the time of pulse 2 and the frequency at the time of pulse 3. It is intuitively clear that energy transfer among more or less identical pigments of an inhomogeneous distribution leads to an increased rate of disappearance of the frequency grating and thus to a faster peak shift decay. Note that for the case of nonzero pulsewidths, the overlap of the pulses in time, leading to different time ordering, must explicitly be accounted for in the modeling of these experiments. The fluctuating frequency v i (t) of each pigment i can be described as:
with v eg the ensemble average of the transition frequency, Dv i (t) the fluctuation of the frequency of pigment i, and e i its static deviation from average, i.e., the inhomogeneous broadening. The average frequency correlation of the ensemble is then described by the two-point frequency correlation function
From M(t) we can calculate the functions R(t, t, T), which describe the third-order response of the sample medium to an external electric field, such as a light pulse. The third-order polarization P (3) can be calculated by integrating the product of the pulse fields and the response functions over time. All this is described in detail by Mukamel (1995) .
The transient grating technique is a special case of the three-pulse echo, with the first two pulses set at t ¼ 0 and the signal intensity scanned as a function of the population time T. The first two pulses now create a spatial population grating in the sample due to interference between the beams, which intersect at a small angle. The decay of this grating reflects loss of excited-state population from within the laser spectrum. This spatial grating is of course also created in the 3PEPS experiment, but in that experiment the amplitude decay, which is caused by population transfer, is not considered (as mentioned above). Also at nonzero delay between pulses 1 and 2, the phase of this grating will be different for each frequency, leading to canceling contributions.
Experiment
A standard 3PEPS setup was used as described earlier (Joo et al., 1996b) . Short (50 fs) pulses at 800 nm were obtained from a Ti: Sapphire oscillatorregenerative amplifier combination (Coherent Mira-SEED and RegA-9050). These were used to pump an infrared Optical Parametric Amplifier (OPA-9850, Coherent) to generate light of the desired wavelength. The output of the OPA was tuned to 1.30 mm or 1.34 mm and frequency doubled to 650 nm or 670 nm for excitation of Chl b or Chl a, respectively. After removal of the remaining infrared light with a cutoff filter, the resulting pulses had a bandwidth of 17-18 nm, a duration of 35-40 fs as measured from their autocorrelation, and an energy of ;12 nJ at the sample. This energy is divided equally into three parallel beams, which are focused onto a single spot in the sample. All three beams have vertical polarization and can be delayed individually. Two of the beams, referred to as pulse 1 and 2 with wave vectors k 1 and k 2 , travel via retro reflectors on motorized translation stages. The third beam with wave vector k 3 travels via a fixed retro reflector and is always last in time. The first two pulses can change role and both echo signals, with wave vectors k 3 þ k 2 ÿ k 1 and k 3 ÿ k 2 þ k 1 are detected; see the scheme of the beam geometry in Fig. 3 . The photon echo (or transient grating) signals are detected by photodiodes. Lock-in amplifiers, connected to a chopper in one of the beams, are used to reduce random noise. The sample cell has a path length of only 200 mm to avoid reabsorption of the generated signal after the focus.
The three pulse echo (3PE) signals are measured at ;80 values of the population time. These values are distributed unevenly along the full time range, with the emphasis on the early times in a quasi-logarithmic manner. At 670 nm, both for LHCII and for CP29, the echoes are measured up to a population time of 100 ps. At 650 nm, they can only be measured up to T ¼ 10 ps, by which time there are no excitations left on the Chls b. Peak shift values were determined by fitting Gaussians to the two 3PE signals and taking half the time distance between the maxima of these fits. With this fitting method, a small systematic error is introduced in our peak shift curves. At values of the population time below ;70 fs, all three pulses overlap with each other and this results in the generation of a coherent coupling signal. This coherent artifact peaks at t ¼ 0 and is detected along with the 3PE, which results in a larger apparent width of the 3PE at the negative side. Fitting Gaussians to these 3PE signals results in a peak shift value that is systematically too small . We have checked the effect of this error by comparing with partial Gaussian fits at early delay times. We found that for both complexes and wavelengths, the initial peak shift we use is ;4 fs too low. Within the pulse overlap region this error rapidly disappears. In the exponential fits described below, this error only affects the amplitude of the fastest component, which should be a few fs larger. This does not affect our main conclusions, which are concerned with the slower components. As the peak shift curves we constructed with partial Gaussians contained more noise, we have based the paper on the curves obtained with full Gaussians.
Transient grating signals are not measured separately, but are constructed from the echo signals by taking the signal intensity at t ¼ 0 as a function of the population time. This limits the number of time points of each trace to ;80, just as for the peak shift curves, which is less than usual for TG traces. However, the TG reconstruction does ensure that both 3PEPS and TG are measured under exactly the same sample and setup conditions.
All signals are measured with all three pulses at parallel polarization. This introduces a bias, as the third pulse will now preferentially interact with pigments that were excited by pulses 1 and 2, and with pigments oriented (nearly) parallel to those. This bias is present in almost all previous 3PEPS experiments on photosynthetic systems, and we will not consider it in detail. The main effects are, most likely (see Salverda et al., 2000) , a slowing down of the peak shift decay and a speeding up of the transient grating decay, compared to what would result from a magic angle experiment.
The samples are prepared as described previously (Pascal et al., 1999; Peterman et al., 1995) . Concentrated solutions of detergent isolated LHCII trimers and CP29 monomers of spinach are thawed and diluted in a buffer with 20 mM HEPES, 0.03% DM (n-dodecyl b-D-maltoside), pH 7.5. The optical density of the used solutions along the cell path depends on sample and wavelength and varied between 0.1 and 0.2, always low enough to avoid reabsorption of the generated signal. To prevent photodamage to the sample, the laser repetition rate is set at 125 kHz and the sample is circulated through a flow cell. The measuring time never exceeded 7 h and the absorption spectrum proved to be the same before and after measuring.
RESULTS
In this section, we will describe the data and present the results of multiexponential fits. The two types of Chl will be treated separately, i.e., we will discuss first the TG and 3PEPS results obtained at 650 nm, then those obtained at 670 nm. LHCII and CP29 data will be considered together.
FIGURE 3 Configuration of a 3PEPS experiment. The two echoes with wave vectors k 3 þ k 2 ÿ k 1 and k 3 ÿ k 2 þ k 1 are indicated as B and B9 and are both of equal intensity and have a mirror-symmetric time-dependence on delay time t between the first and second pulse. The sample must be rotated or flowed as indicated by the curved arrow.
Excitation at 650 nm

Transient grating
Transient grating curves were constructed from the 3PE signals measured at 650 nm. The resulting traces are shown in Fig. 4 for both LHCII and CP29. The large graph shows the decay up to a population time of 2 ps. The majority of points are concentrated in this interval, so that the fast (sub-ps) dynamics can be determined. The full time range of 0 ps-10 ps is shown in the inset.
The traces for both complexes share the same general features. In the first few hundred fs, a large decay of 50-70% of the total signal takes place. This fast phase is followed by a slower phase that takes several picoseconds. Within 10 ps, the LHCII transient grating decays to less than 10% of its original value, whereas the final level of the CP29 signal is 25-30%. This difference of ;15% appears after ;100 fs and does not change much after that. Despite this difference, the major fact to note about both TG signals is the rapid loss of more than half the amplitude. At 650 nm, Chl a shows considerable absorption at room temperature. However, these directly excited Chls a should also be observable at longer times, so we conclude that for both complexes, mainly Chls b are excited. Nevertheless, the appreciable final level of the CP29 TG suggests that at least in this complex, some Chl a is being monitored in addition to Chl b. After less than 200 fs, the 3PEPS signal, which will be discussed below, is monitoring only a small subset of the initially populated pigments. This subset of (mainly) Chls b is not too close to any Chls a, otherwise they would already have transferred their excitation, but they may be close to other Chls b.
To determine the timescales involved, we have fitted a biexponential decay to the transient grating curves. The parameters describing these fits are listed in Table 1 . The faster of the two rates will be contaminated somewhat by coherent coupling artifacts, but they describe mostly population decay. Because the TG intensity scales quadratically with the excited-state population, each decay rate corresponds to an energy transfer rate that is twice as slow. For CP29, this fast energy transfer process takes 2 3 65 fs ¼ 130 fs; for LHCII it is somewhat slower at 2 3 147 fs ¼ 300 fs. LHCII is also slower on the longer timescale, with transfer times of 2 ps for CP29 and 5 ps for LHCII. Both the slow and the fast rates are similar to the well-known Chl b ! Chl a transfer rates observed in previous experiments (Du et al., 1994; Bittner et al., 1994 Bittner et al., , 1995 Visser et al., 1996; Connelly et al., 1997; Trinkunas et al., 1997; Kleima et al., 1997; Gradinaru et al., 1998a, b) . Note that, as mentioned in the Introduction, these rates are the same at 77 K and at room temperature. Apparently, the change in shape of the spectra of individual pigments (Zucchelli et al., 1996) does not affect the spectral overlap for the Chl a-Chl b energy gap. The 300 fs rate we observe for LHCII is probably the average of the 150 fs and 600 fs rates, which is also consistent with its large amplitude, 75% of the total signal. For CP29, no room temperature energy transfer study has been reported and the low-temperature rate of ;220 fs is slower than the one observed here. Probably, this difference can be explained by the better temporal resolution of our study. Altogether, we conclude from the similarity of the transfer rates, that the TG signals measured at 650 nm show Chl b ! Chl a energy transfer. Thus, this transfer is seen to remove the population from the spectral window of the laser and we expect that the 3PEPS signal will hardly be contaminated with Chl b ! Chl a transfer dynamics.
Three pulse echo peak shift Peak shift decay curves were constructed from the 3PE signals measured at 650 nm. The resulting traces are shown in Fig. 5 for both LHCII and CP29. The large graph shows the first 2 ps, the complete range of 0-10 ps is shown in the inset.
The decays are similar for both complexes with the CP29 signal remaining at a higher level than the LHCII level. Remarkably, however, these 3PEPS signals are quite different from most peak shift decays described in the literature. The initial decay of 3PEPS curves usually leads to a loss of FIGURE 4 Transient grating curves measured at 650 nm for LHCII (solid ) and CP29 (dashed ). The curves were constructed from the 3PE signals. Both first 2 ps (large graph) and full range up to 10 ps (inset) are shown. 70% or more of the peak shift in 50 fs or less (see, for example, 3PEPS measurements on LH1 and LH2 (Jimenez et al., 1997) ). In Fig. 5 , on the other hand, we see that it takes up to 300 fs for LHCII, 500 fs for CP29, to reach such a low level. The peak shift at time zero is ;20 fs, and after the first 50 fs, the peak shift values are still 15 fs for CP29, 12 fs for LHCII. Obviously, the initial decay has a small amplitude. After this phase, a second, much slower one leads to a peak shift value of a few fs in a time range of 500-1000 fs. A third, yet slower phase leads to the decay of the peak shift to zero within 10 ps. Hence, within this time range all the initially excited pigments transfer their excitation to others. Apart from a pulse-overlap effect, the fastest phase is generally considered to show the ultrafast redshift due to solvent (i.e., protein) adjustment to the excited state and due to the interference of many high-frequency vibrations of the excited pigment (the Stokes' shift). The small amplitude of this phase is consistent with the fact that at 650 nm, most of the Chl b pigments were excited at the peak or at the red side of their absorption band. For dyes in liquids, Larsen et al. (2001) , and Ohta et al. (2001) , have shown that the peak shift decay depends on the excitation wavelength, and that the amplitude of the initial phase is the largest at the blue side of the absorption band, due to the excitation of more highenergy vibrations. The fact that for the initial decay, a larger amplitude is observed for LHCII can also be explained: its Chl b absorption is slightly more red on average, with one or two Chls b absorbing around 652 nm (Hemelrijk et al., 1992; Remelli et al., 1999) . The small vibrational interference also reflects the absence of a large Chl a contribution. A small role is probably played by Chl a, nevertheless, as the peak shift, at least for CP29, shows a small dip and subsequent increase around T ¼ 20 fs. This could be due to removal of vibrationally relaxed (redshifted) Chl a out of the spectral range of the laser pulse. Afterward, the peak shift only shows leftover Chls b, which have undergone less relaxation and thus have a higher peak shift. Nevertheless, the (partial) rephasing of the interfering vibrations may also explain this peak shift recurrence.
Due to the small amplitude of the initial decay, the slower dynamics can be resolved very well. In experiments with nontransferring pigments (see e.g., B820 , or blue B800s (Salverda et al., 2000) ), only a very fast peak shift decay is seen, therefore we propose that the two slower phases represent energy transfer. To identify the timescales of these transfer processes, a sum of three exponential decays was fit to the peak shift decays. Biexponential fits gave a larger error (a larger x 2 ) and clearly would not do justice to the observed fast-intermediate-slow decays shown in Fig. 5 . Fits with four exponents were also tested, but those led to degeneracy of two of the decay times.
The results of the exponential fits are listed in Table 2 . As an example, the measured CP29 peak shift decay and the exponential fit are shown together in Fig. 6 . The initial decay is very rapid with a time constant of ;10 fs for both complexes. Its amplitude was ;3 fs, which may be artificially small because the dip and recurrence of the peak shift were ignored in this fitting. As said above, this decay is most likely due to a combination of protein reorganization and interference between chlorophyll vibrations.
The intermediate decay process, which represents the major part of the peak shift decay, has a time constant of a few hundred fs. In contrast to the decay of the transient grating, the peak shift decay is faster for LHCII than for CP29, with time constants of 145 fs and 360 fs, respectively. This reversal, and the fact that neither time is very similar to the transfer rates measured in transient grating, confirm that completely different processes are monitored by 3PEPS. This leads us to conclude that the 3PEPS measurements show energy transfer between Chls b, in agreement with the conclusion of Agarwal et al. (2000) , that transfer among Chls b takes place in LHCII. Definitely, strongly coupled Chl b pairs must be present in both complexes. The assignment of these pairs to binding sites will be discussed in detail in the next section.
The slowest of the three decay processes has a small amplitude of only a few femtoseconds. It should be noted here that the value of 480 fs found for LHCII is rather FIGURE 5 Peak shift decay curves measured at 650 nm for LHCII (solid ) and CP29 (dashed ). Both first 2 ps (large graph) and full range up to 10 ps (inset) are shown. Parameters of 3-exponential fits to 3PEPS decay curves measured at 650 nm (with A1, A2, A3 the amplitudes-also in time units for the peak shift; t1, t2, t3 the decay times; and Y0 the final level).
uncertain. With an equivalent dataset, a value of 1.1 ps was obtained. This transfer time is therefore described from here on as 0.5-1 ps. The slowest transfer times thus found, 3 ps for CP29 and 0.5-1 ps for LHCII, are somewhat different from the transient grating values. Nevertheless, Chl b ! Chl a transfer times similar to the 3PEPS decay rates have been observed in pump-probe experiments at both 77 K and room temperature (Visser et al., 1996; Connelly et al., 1997; Kleima et al., 1997; Gradinaru et al., 1998a) . Possibly, these rates could be due to transfer from Chls b to Chls a. Excitedstate absorption and bleaching in the vibrational wing of Chl a should be visible at 650 nm. However, for LHCII, it can be concluded from the low final value of the TG intensity that this contribution is exceedingly small. In addition, at times less than 1 ps, the Chl a contribution will be significantly smaller than at longer population times. Therefore, we propose that the 0.5-1 ps decay time in the LHCII peak shift represents a second, slower Chl b $ Chl b transfer process. For CP29, the Chl a contribution is seen from TG to be much larger, and the decay time of 3 ps is much slower than for LHCII. Therefore, Chl b $ Chl a transfer probably contributes to this peak shift decay component.
Excitation at 670 nm
Transient grating
At 670 nm, the 3PE signal was measured up to a population time of 100 ps. Again, transient grating traces were constructed from these signals in the manner described above. In Fig. 7 , the TG decay is shown for the first 20 ps, with the range up to 100 ps shown in the inset. Just as at 650 nm, the TG decay is similar for both complexes, with the LHCII transient grating being the lower of the two. The difference takes a few picoseconds to develop. Clearly, the first part of the TG decay, until ;2 ps, is virtually identical for both complexes. This part is responsible for the loss of 60-70% of the total signal amplitude, which shows that most of the excitations are taken away from the spectral maximum of the laser within a few picoseconds. After that, the subsequent decay of the LHCII TG is either faster or has a larger amplitude than that of the CP29 TG. Neither trace shows any decay after ;20 ps, suggesting that the slow processes occur on a similar timescale in both complexes. The final level is as low as 5% of the initial amplitude for LHCII, and 15-20% for CP29. In isolated antenna complexes, the redmost Chl a states live for several nanoseconds. From the low final level of the curves in Fig. 7 , it is therefore evident that this Chl a is hardly visible for the laser pulse applied in this experiment. As CP29 has a less strong blue wing in its Chl a band, the relative contribution at 670 nm of red Chls a will be stronger than for LHCII, given that the optical density is the same at this wavelength. This explains the larger final value for the CP29 transient grating.
To identify the timescales involved, biexponential decays were again fitted to the transient grating curves. The parameters of these fits are given in Table 3 . The population decay rates corresponding to these fits are two times slower due to the quadratic nature of the TG signal. To avoid contamination with the rise due to the coherent coupling artifact, datapoints below T ¼ 40 fs were ignored in the fitting. The decay rates for the two complexes are indeed rather similar. The fast process is somewhat faster for LHCII, at 2 3 115 ¼ 230 fs for the population decay time, than for CP29, at 2 3 155 fs ¼ 310 fs. The slow process is a little faster in CP29 with a time constant of 2 3 2.6 ¼ 5 ps, vs. 2 3 3.0 ¼ 6 ps for LHCII. For both decays, the amplitude is somewhat smaller for CP29 than for LHCII, resulting in a larger final value for CP29. For both complexes, the TG signal at 100 ps corresponds to an equilibrated distribution of FIGURE 6 Measured CP29 peak shift ( filled squares) at 650 nm, shown with 3-exponential fit (solid line). Both first 2 ps (large graph) and full range up to 10 ps (inset) are shown. Decay time and amplitudes are detailed in Table 2 . the Chl a excitations, which will mostly reside on the redder pigments. Whether the redmost pigments are also excited directly or only populated via energy transfer cannot be discerned.
For excitation at 670 nm, population decay is expected to occur mainly via downhill energy transfer to red Chls a. These red Chls a, absorbing at a wavelength of 676 nm or above, will be referred to as Chl a (680). For fast Chl a (670) ! Chl a (680) transfer at 77 K, Gradinaru et al. (1998a, b) , find a time constant of ;300 fs for LHCII and 280 fs for CP29. The 310 fs time we find for CP29 is very close and the difference with our 230 fs time for LHCII is probably due to the limited time resolution of the pump-probe experiment or to the difference in temperature. We conclude therefore that the fast TG decay component at 670 nm indeed represents energy transfer from Chls a absorbing at 670 nm to Chls a absorbing in the main 676 nm band or at longer wavelength.
For slow Chl a (670) ! Chl a (680) transfer, a time constant of 5 or 6 ps was observed in pump-probe experiments on LHCII at room temperature (Bittner et al., 1994 (Bittner et al., , 1995 Connelly et al., 1997) . Clearly, our 5/6 ps 3PEPS decay component should be attributed to this transfer process. The rate of this particular transfer is clearly temperature dependent as values found from pump-probe on both LHCII and CP29 at 77 K vary between 12 ps and 20 ps (Visser et al., 1996; Kleima et al., 1997; Gradinaru et al., 1998a, b) . Probably, within the Chl a band, uphill energy transfer also contributes to the equilibration.
Altogether, it can be assumed that 3PEPS, discussed below, will not be monitoring very red Chls a as these are hardly visible in the transient grating signal.
Three pulse echo peak shift
The constructed 3PEPS curves measured at 670 nm are shown in Fig. 8 . As the signal decays very rapidly for both complexes, the large graph shows only the first 2 ps. In the inset, the full 100 ps range is shown. The most remarkable aspect of the 670 nm 3PEPS is the difference with the peak shift at 650 nm, which supports the assumption that the 3PEPS measurement at 650 nm follows almost exclusively Chl b dynamics. At 670 nm, the initial decay is huge and leads to a loss of 70% of the peak shift. Clearly, Chls a are mostly excited to the blue of their absorption maximum by the 670 nm pulse, as should be expected, with the Chl a band peaking at 676 nm for both complexes. Another difference with the 3PEPS measured at 650 nm is the presence of an oscillation, of which the minima are indicated by vertical lines in Fig. 8 . This oscillation is almost identical for both complexes. It has a period of ;90-100 fs, corresponding to a frequency of ;330-350 cm ÿ1 , and persists for ;600 fs. Most likely, it is due to a single vibrational mode of the excited pigments. A vibrational transition of Chl a with a frequency of 350 cm ÿ1 was observed in several studies on plant complexes with steady-state spectroscopic methods such as hole-burning (Gillie et al., 1989) and fluorescence line narrowing (Peterman et al., 1997; Pieper et al., 1999) . According to Small and co-workers (Pieper et al., 1999) , this particular vibrational mode has the strongest coupling to the electronic transition. However, the relative strength of such modes can vary a lot depending on the spectroscopic technique used. In pump-probe experiments, no vibrations have ever been observed for either antenna complex. With 3PEPS, a 60 cm ÿ1 oscillation was seen in LHCII by Agarwal et al. (2000) , but only when they excited at 650 nm. They did not observe any such feature when exciting Chl a.
Another striking feature of the 670 nm curves is that they are qualitatively different for CP29 and LHCII. The CP29 peak shift decays rapidly from 25 fs to 8 fs in a population time range of ;100 fs. At this point, it shows a very sharp turnoff, after which it decays further on a second, at least 10 times slower timescale to a final level of ;4 fs at T ¼ 100 ps. The initial peak shift of LHCII is marginally higher at 27 fs, and the final peak shift lower at ;2 fs. The LHCII peak shift shares the fast initial decay and the picosecond decay. But, more notably, the turnoff is much less sharp. This appears to be due to an intermediate timescale decay that is absent in the CP29 3PEPS. The timescale of this decay is a few hundred fs, which suggests that it corresponds to an energy transfer process. The slow decay components present in the 3PEPS Parameters of biexponential fits to transient grating curves measured at 670 nm (see Table 1 for definition). Note that population decay times mentioned in the text are taken to be twice the TG intensity decay times listed here.
FIGURE 8 Peak shift decay curves measured at 670 nm for LHCII (solid ) and CP29 (dashed ). Both first 2 ps (large graph) and full range up to 100 ps (inset) are shown.
of both complexes are probably also related to energy transfer. Fits with three exponentials were carried out to identify the energy transfer timescales. The results are listed in Table  4 . Although CP29 does not show any intermediate timescale process, its fast decay can be described much better by a sum of two components, of 10 fs and 70 fs, than by a single exponential. This may reflect the contribution of two distinct processes, protein reorganization and interference between vibrations, to this decay. Probably, the fit for LHCII should also have two fast components, and four in total. Unfortunately, the data do not permit a fit with more than three different components. Hence, the rate of 22 fs for LHCII may well reflect a weighted average of two rates. The transfer process, which is present in LHCII only, has a rate of 140 fs, and an amplitude of 7 fs. The rate of this process does not correspond to any of the well-known Chl a (670) ! Chl a (680) rates. Of course, this could be due to the fact that such fast Chl a equilibration was not searched for at room temperature. Nevertheless, the decay times observed in the TG decay are remarkably absent from the 670 nm peak shift decay. Therefore, we conclude that the 140 fs transfer process that is seen at 670 nm for LHCII occurs between two blue Chl a states, both contributing to the absorption at 670 nm. Which particular Chls a could be involved will be discussed in the next section. For LHCII, this transfer was not seen before with pump-probe techniques. Agarwal et al. (2000) report a much slower rate of (350 fs) ÿ1 in their 3PEPS experiment, and they attribute this rate to downhill (670) ! (680) transfer by referring to pump-probe results in the literature.
The slow decay process has a rate of ;(3 ps) ÿ1 for both complexes. This rate is definitely not comparable to any Chl a (670) ! Chl a (680) transfer rate seen in pump-probe studies. It is also absent in the transient grating decay. Consequently, it most likely represents slow energy transfer between Chls a that absorb close to 670 nm. Again, in pumpprobe experiments on these complexes, this slow transfer between blue Chls a was not observed either. Probably, its small amplitude makes it very hard to identify, especially as the 670 nm signal will have largely disappeared before it takes place. Agarwal et al. (2000) have probably seen this process in their LHCII 3PEPS, as they do use a 3 ps component in their simulations. Again, they implicitly attribute this component to 670 nm ! 680 nm transfer and do not discuss it in detail.
Altogether, we conclude that the 670 nm peak shift shows clear evidence for energy transfer processes between blue Chls a in both LHCII and CP29.
Summarizing the Results section, we have provided an overview of the measured time constants and the transfer processes we attribute them to in Table 5 . Energy transfer times known from literature are also included.
DISCUSSION
In this section, the issue of the existence of mixed binding sites will be addressed. Furthermore, we will discuss the assignment of the decay rates to transfer between specific chlorophylls in the structure. This assignment will largely be based on calculations by Iseri and co-workers on both CP29 (Iseri et al., 2000) and LHCII (Iseri and Gülen, 2001) . As the calculations indicate that considerable exciton delocalization is present in both complexes, we will frequently refer to states rather than pigments.
By comparing our observed exponential decay rates with the calculations of Iseri, we implicitly equate the decay rates to pairwise transfer steps between two states or pigments, although this is not strictly justified. In fact, observed decay rates show the overall kinetics of the whole complex, which are the effect of many pairwise steps. Nevertheless, for the processes that are of most importance in this work, it is often a matter of only one possible pairwise step that is fast enough. If this step would not occur, the overall kinetics in the complex would be too slow to explain the observations. Parameters of 3-exponential fits to 3PEPS decay curves measured at 670 nm (see Table 2 for definition). Energy transfer time constants from this work and from literature. * Agarwal et al. (2000) . y Many authors (Du et al., 1994; Bittner et al., 1994 Bittner et al., , 1995 Visser et al., 1996; Connelly et al., 1997; Kleima et al., 1997; Gradinaru et al., 1998b) . z Gradinaru et al. (2000) . § Gradinaru et al. (1998a) .
3PEPS on LHCII and CP29
Note furthermore that the rates calculated by Iseri for both complexes are all based on the structural LHCII model of Kühlbrandt et al. (1994) , either in the directions those authors proposed (designed as 0) or rotated by 908 (designed as 1), apart from small deviations of 5 or 108 that Iseri and Gülen (2001) have included for the Chls b in LHCII. However, the absolute size of the simulated LD spectrum is at least two times smaller than that of the experimental LD spectrum of LHCII for any combination of the 0 and 1 permutations, which indicates that these orientations cannot be correct. Thus, the calculated rates should be taken as approximate.
In the papers of Iseri et al. (2000) , and Iseri and Gülen (2001) , mixed binding sites are assumed to be present in the native complexes. As we will argue below, the measurements presented here largely support this idea. Specifically, Iseri uses the assignments published by Bassi and coworkers Bassi et al., 1999; and Simonetto et al., 1999) . For LHCII, this assignment is different from the one presented in Fig. 1 a, with A 7 as a fourth mixed site rather than a Chl b. For the moment, we will use the latter assignment and assume that the processes calculated for a Chl a at A 7 are irrelevant.
nm excitation in CP29
Existence of mixed sites After excitation at 650 nm, we observe three or four different transfer rates in CP29. From the transient grating decay, we find a fast Chl b ! Chl a transfer process with a time constant of 130 fs. From the 3PEPS decay, we find a slower sub-ps transfer that takes 360 fs and that should be energy transfer between two Chls b. Both in TG and 3PEPS, slow components with time constants of 2.2 or 3.2 ps, respectively, are observed, which may or may not be due to the same process. From the above, it can be argued directly that binding sites with both Chl a and Chl b affinity must be present in CP29. We will show this by considering the opposite assumption, namely that the two Chls b of CP29 are always bound at the same two positions. (Note that the following argument is entirely independent of assumptions about the identity of any of the eight binding sites of CP29.) A fast Chl b $ Chl a transfer rate is observed, which means that at least one of the two Chls b loses its excitation almost immediately. This means that transfer from this Chl b to the second Chl b will not occur often enough to be observable. With 3PEPS, transfer from the second Chl b to this Chl b cannot be observed as it would be followed by immediate transfer to Chl a, which takes the excitation out of the spectral reach of our pulse. Nevertheless, we do observe a Chl b $ Chl b transfer process, which means that two longlived Chls b must be present. This is in contradiction with the assumption that these Chls b always bind at the same sites. Thus, it must be concluded that mixed binding sites exist in native CP29.
Assignment of Chl b transfer steps
Below, we will discuss the possible site identities and the way the observed transfer processes connect them in more detail. Bassi and co-workers Bassi et al., 1999; Simonetto et al., 1999) propose that CP29 can bind either Chls b or Chls a at the four sites, A 3 , B 3 , B 5 , and B 6 . For all combinations of Chls a and Chls b at these sites, Iseri et al. (2000) have calculated energy transfer times using the Förster equation.
According to these calculations, fast Chl b $ Chl b energy transfer can only take place in complexes with an A 3 -B 3 Chl b pair. Without this pair, only picosecond intra-Chl b processes will occur. For the A 3 -B 3 pair, Iseri et al. (2000) calculate a transfer time of ;200 fs, which is slightly faster than the 360 fs time we observe. It should be realized that the orientations of the transition dipole moments of the Chls in CP29 have not been determined and that therefore the calculated rates can only be approximate. Moreover, the coupling within the A 3 -B 3 pair is very strong, and Iseri et al. find that the exciton is almost completely delocalized. At nonzero temperature, the exciton will become progressively more localized on one of the two sites, which will be observed as a peak shift decay. The localization rate is not identical to the calculated Förster rate. Nevertheless, the subpicosecond Chl b equilibration will certainly be due to this pair.
The fast ÿ1 . For the fast transfer from Chl b to Chl a, the A 3 -B 3 pair is also the only candidate, now with a Chl b at one of these sites and a Chl a at the other. To explain the difference in rates, the relative orientation of the b-a pair dipoles must be somewhat different from that of the b-b pair dipoles. A minor problem with the identification of our fast 3PEPS and TG decay components with the A 3 -B 3 pair should be mentioned here. From pump-probe studies at 77 K, it was concluded that fast Chl b ! Chl a transfer takes place from a blue Chl b, absorbing at ;640 nm. Iseri et al. assume that the Chls b at both A 3 and B 3 absorb at this wavelength and find exciton levels that lie as far to the blue as 636 and 644 nm. However, the fact that the fast Chl b $ Chl b transfer is so prominently present in our measurements indicates that their energies may be closer to 650 nm than previously suggested.
For the slow decay component of 3PEPS, with a time constant of 3 ps, several explanations are possible. This process may be slow Chl b $ Chl b transfer. Transfer between B 5 and B 6 as a Chl b pair should take 2 ps, according to Iseri et al. Transfer from this pair to Chls a would be slow enough (5 ps) for the transfer within the pair to be observable at 650 nm. Transfer between other distant Chls b, from those at A 3 -B 3 to those at B 5 -B 6 and vice versa, is too slow to contribute to this component. From the existence of a second Chl b pair at sites B 5 and B 6 , it would follow that all four sites proposed by Bassi and co-workers are mixed sites in native CP29. However, the slow peak shift decay may also be due to Chl b ! Chl a energy transfer, as was argued in the Results section. For a Chl a-Chl b pair at the sites B 5 and B 6 , Iseri et al. calculate a Förster transfer rate of 3.5 ps, for both combinations. Also, several other picosecond Chl b ! Chl a transfer times are found that may contribute to this component. Therefore, it cannot be concluded with certainty whether only two or all four sites proposed by Bassi and co-workers are mixed in native CP29. Nevertheless, given the existence of any mixed sites in the native complex, we see no reason why these should not be present at all the sites determined in the mutagenesis studies.
nm excitation in LHCII
Existence of mixed sites When exciting Chl b at 650 nm, we observe four different transfer processes in LHCII. From the TG decay, it can be concluded that fast Chl b $ Chl a transfer takes place with a time constant of 300 fs, and slow Chl b ! Chl a transfer with a time constant of 5 ps. The decay of the peak shift shows that Chl b $ Chl b transfer also takes place, both in 150 fs and in 0.5-1 ps. To explain the fast energy transfer between Chls b, a strongly coupled Chl b pair should be present, just like in CP29. Also, this pair should not be too close to any Chls a. To explain the fast TG decay, other Chls b should be present in the complex that do transfer their excitation to Chl a very rapidly. In principle, these different Chls b can all be present in one complex, as LHCII contains five Chls b, and it cannot be concluded directly that mixed binding sites are present. Below, we will discuss the attribution of the above mentioned rates based on the calculations of Iseri and Gülen (2001) , which take mixed sites into account. It will become clear that our observations can best be explained if at least some of the sites are indeed mixed.
Assignment of Chl b transfer steps
In LHCII, a pair of Chls b that can transfer excitation to each other can be found at sites B 6 and A 7 (Bassi, personal communication) , independent of the presence of mixed sites. However, the Förster transfer time that Iseri and Gülen calculate for this pair is 500 fs, rather slower than the value of 150 fs we observe. This suggests the presence of a second Chl b pair in some of the complexes. The best candidate would be the A 3 -B 3 pair, for which Iseri and Gülen calculate a Förster transfer time of ;200 fs just like in CP29. A second possibility is the presence of a Chl b at site A 6 in some of the complexes. The transfer between this Chl b and the one at site B 6 is calculated to take 300 fs. Along with the B 6 -A 7 transfer, the equilibration in the B 6 -A 7 -A 6 group may be fast enough to explain the 150 fs peak shift decay component. On the other hand, it is highly unlikely that this group, or the A 3 -B 3 pair, or indeed any second Chl b pair, binds only Chls b in all of the LHCII complexes. In that case, the average Chl b ! Chl a transfer time would be very much slower than was observed, both in this work and by many others (Bittner et al., 1994 (Bittner et al., , 1995 Visser et al., 1996; Connelly et al., 1997; Kleima et al., 1997; Gradinaru et al., 1998a, b) . Therefore, it seems highly likely that mixed binding sites also exist in native LHCII. Thus, the groups mentioned above can be responsible for fast Chl b $ Chl b transfer in some of the complexes, and for fast Chl b ! Chl a transfer in the others. Note that neither of these two groups was proposed as an explanation of the observed Chl b $ Chl b transfer by Agarwal et al. (2000) . This is probably due to the fact that these authors did not consider mutagenesis results. They proposed a Chl b pair at sites A 5 and B 5 , which was wrongly reproduced from Gradinaru et al. (1998b) , who suggested that a Chl b pair could be present at sites A 6 and B 6 .
The proposed flexibility in Chl binding would be in line with the character of the LHCII complex, which can adapt itself to many different functions under different light conditions. Specifically, one functional role of a mixed binding site could be the observed quenching of excitation in LHCII aggregates by long-lived Chl a triplets and quenchers formed from these triplets (Barzda et al., 2000) . Such longlived triplets would only occur in Chls a that are not wellconnected to the central luteins, for example one at site B 3 with a Chl b at site A 3 . In the case of mixed site occupancy, such a site could bind a Chl b when the quenching effect is not needed, which would be worthwhile as triplets are also a source of damage.
Note that there is a general discrepancy between site identities as proposed by Bassi and co-workers, and the measured Chl b ! Chl a energy transfer rates. Both A 7 and B 5 are always Chls b, according to Bassi and co-workers, and according to the calculations of Iseri and Gülen they always take several picoseconds to transfer their energy to Chl a, whereas measurements indicate that only at most 1.5 of the five Chls b takes this long. With the Chls b at some of the mixed sites, this discrepancy will get larger. Possibly, it can be partly resolved, if the Chl b affinities of the sites A 3 , B 3 , and A 6 are lower than the 50% proposed by Remelli et al. (1999) , and used by Iseri and Gülen (2001) , or if A 7 sometimes does bind a Chl a. From our measurements, these questions cannot be answered.
Next to the 150 fs transfer process, a slower Chl b $ Chl b transfer with a time constant of 0.5-1 ps was observed. Equilibration in the A 7 -B 6 -A 6 group could very well explain this decay rate, as Iseri and Gülen calculate Förster times of 500 fs for the A 7 -B 6 pair, 300 fs for the A 6 -B 6 pair, with much slower transfer for the A 7 -A 6 pair. The net effect of these three steps would certainly yield a peak shift decay time in the observed range. Even if A 6 always binds a Chl a, the A 7 -B 6 transfer would still be visible as a 0.5 ps component.
To the decay components of the TG curve, which correspond to Chl b ! Chl a transfer times of 300 fs and 5 ps, any of a large number of Chl b -Chl a combinations can contribute. For example, for the mixed pair at A 3 -B 3 , a transfer time of 250 fs is calculated by Iseri and Gülen as well as for the transfer from B 2 to A 2 . Lifetimes of 5-10 ps are found for excitations on the Chl b pair at A 3 -B 3 , on B 5 and A 7 , and on A 6 and B 6 if these are both Chls b. Altogether, the observed rates of Chl b $ Chl b and Chl b ! Chl a transfer in LHCII can be explained perfectly well.
nm excitation in LHCII and CP29
Existence of mixed sites When exciting at 670 nm, we observe very similar Chl a transfer dynamics in both complexes, and a process which only occurs in LHCII. The LHCII-specific process is observed in the 3PEPS decay as a small component with a time constant of 140 fs. It most likely corresponds to one or more transfer steps between blue Chls a or Chl a states. Both LHCII and CP29 show a slow component in the peak shift decay with a 3 ps time constant, which is probably also due to transfer between blue Chls a. From the transient grating decay, it was determined that transfer from blue to red Chl a states takes place with time constants of a few hundred fs and 5 or 6 ps. From these observations, it cannot be concluded directly that mixed sites are present (other than those identified with the Chl b excitation measurements), as the amount of Chls a in both complexes is too large. Nevertheless, we will compare the above-mentioned rates to the calculations of Iseri et al. (2000) , and Iseri and Gülen (2001) , which take mixed sites into account. Once again, the best agreement is obtained when some sites are mixed, as we will argue below.
Assignment of Chl a transfer steps
According to the calculations of Iseri and Gülen (2001) , excitation transfer in LHCII on a timescale close to 140 fs takes place in two groups of Chls a. Those are the trio A 1 , A 2 , and B 1 , and the A 3 -B 3 pair. For the trio, they find Förster transfer times of 250 fs for transfer from B 1 to A 1 , and 500 fs for transfer from A 2 to A 1 , and vice versa. However, for all three Chls A 1 , A 2 , and B 1 , very low transition energies were determined by Remelli et al. (1999) , with wavelengths of 679 nm, 681 nm, and 679 nm, which is also in agreement with excitation energy transfer calculations (van Amerongen and van ). Hence, the transfer within this trio is expected to contribute to TG rather than 3PEPS. On the other hand, the 140 fs component can be understood very well if the two sites at A 3 and B 3 both bind a Chl a in some of the complexes. Based on the difference spectra measured in several mutagenesis studies Rogl and Kühlbrandt, 1999; Rogl et al., 2002) , those two are the bluemost Chls a, with transition wavelengths of 663 nm and 665 nm. For a Chl a pair at these sites, Iseri and Gülen (2001) calculate a transfer time of ;100 fs. Hence, relaxation between these two will be visible as an ultrafast decay component in 670 nm 3PEPS. At the same time, this pairwise step provides the only reasonable explanation for this component, as all other Chl a groups are either too red or too slow. Although the A 3 -B 3 pair was proposed to bind Chls a in all of the complexes (Rogl and Kühlbrandt, 1999; Rogl et al., 2002) , we think this is not likely as the overall Chl b ! Chl a transfer would be too slow in that case. Thus, this is a strong indication that at least one of these sites must be mixed.
In CP29, sub-ps energy transfer takes place in the A 3 -B 3 pair and in the A 1 -A 2 pair. Neither of these pairs involves only blue Chls a like the A 3 -B 3 pair in LHCII Simonetto et al., 1999) . A 3 absorbs relatively far to the blue at 668 nm, but B 3 absorbs at 674 nm. A 1 absorbs at 669 nm, but the site A 2 binds the redmost Chl a of the complex with a transition at 680 nm. The lowest exciton level of these pairs will lie quite far to the red, and thus the absence of a detectable component in the CP29 3PEPS is not surprising.
The slow component that is present in both LHCII and CP29 probably also represents transfer between blue Chls a. For LHCII, slow transfer will occur from the isolated Chls a at sites A 3 , B 3 , and A 6 to the A 4 -A 5 pair and vice versa, taking ;5 ps (van Amerongen and van Iseri and Gülen, 2001 ). All of these Chls are found by Remelli et al. (1999) to absorb fairly close to 670 nm. The transfer within the A 4 -A 5 pair, which takes ;1 ps, according to Iseri and Gülen, probably also contributes to this component. Transfer from the isolated Chls a to the sites A 1 , A 2 , and B 1 is also slow, taking as much as 10 ps, but as the latter Chls absorb quite far to the red, this process will not be observed in 3PEPS. In CP29, the rates for transfer from the isolated Chls a A 3 , B 3 , B 5 , and B 6 to the A 4 -A 5 pair and vice versa are very similar to the values in LHCII (Iseri et al., 2000) . The same is true for the transfer within the A 4 -A 5 pair. Another contribution of the 3 ps component in the CP29 complex may arise from transfer between two Chls a at sites B 5 and B 6 , for which Iseri et al. (2000) calculate a transfer time of 1 ps. Note that such a Chl a pair can only be present if at least one of those two sites is mixed.
With transient grating, both fast and slow downhill energy transfer processes are observed. For red Chl a groups, relaxation from a higher exciton state to the lowest state, which lies close to 680 nm, will be visible as a decay of the transient grating signal at 670 nm. Strongly coupled Chl a groups containing relatively red Chls a are A 1 -A 2 -B 1 in LHCII and A 1 -A 2 in CP29, which will relax to the lowest level within a few hundred fs (Iseri et al., 2000; Iseri and Gülen, 2001; van Amerongen and van Grondelle, 2001 ). Picosecond downhill transfer will occur from isolated blue Chls a (e.g., A 3 , for both complexes) to these red Chl a groups, which subsequently relax rapidly to their lowest exciton level at ;680 nm.
Altogether, the observed Chl a transfer rates can be explained very well for both complexes. Furthermore, the LHCII dynamics strongly suggest that mixed sites are present at positions A 3 and B 3 .
As a summary of the Discussion section, we have provided block diagrams for both complexes in Fig. 9 , which show the determined transfer processes and site identities. Both firm and tentative assignments are included. For processes that are known to occur but that were not observed in this study, no transfer time constants are specified.
CONCLUDING REMARKS
In this work, we have studied energy transfer between chlorophylls in the plant antenna complexes CP29 and LHCII. The 3PEPS technique was applied to selectively monitor isoenergetic energy transfer. For a comparison with downhill rates under the same experimental conditions, transient grating curves were also determined from these measurements. The chlorophyll b band was excited at 650 nm, and the chlorophyll a band was excited in the blue shoulder at 670 nm. The decay time constants describing these curves were compared with exciton/energy transfer calculations from literature (Iseri et al., 2000; Iseri and Gülen, 2001 ) to determine which Chls could be involved in the corresponding energy transfer processes.
The transient grating measurements performed at 650 nm show excited-state population decay, probably due to downhill energy transfer from Chls b to Chls a. For CP29, we find population decay times of 130 fs and 2 ps; for LHCII, times of 280 fs and 3 ps. These time constants correspond well with Chl b ! Chl a transfer times known from literature, assuming that the fast LHCII rate is a mixture of the two known sub-ps rates. Using 3PEPS, for both complexes, entirely different rates are found at 650 nm. We observe ultrafast, sub-50 fs decay due to electron-phonon coupling and interfering vibrations, followed by two slower components due to energy transfer. The faster of these two processes has a time constant of 150 fs for LHCII, and 360 fs for CP29. We attribute this decay to Chl b $ Chl b energy transfer. This leads directly to the conclusion that at least two mixed sites must be present in CP29. Both in CP29 and in LHCII, the A 3 -B 3 pair is the best candidate for such fast Chl b $ Chl b energy transfer. We conclude that at least one of these two sites is a mixed site in native CP29. Most likely, this is also the case in LHCII. The slow 650-nm peak shift decay rates are probably also at least partly related to Chl b $ Chl b energy transfer. In LHCII, the observed 0.5-1 ps decay time is probably largely due to transfer between the Chls b at B 6 , A 7 , and the possible mixed site A 6 . The slow rate for CP29 (3 ps ÿ1 ) can also be due to Chl b ! Chl a transfer in this complex.
At 670 nm, the transient grating decay again shows almost the same population decay times that were observed in pump-probe studies. Population decay times of 200 fs and 6 ps are determined for LHCII, and times of 300 fs and 5 ps for CP29. These decay times probably reflect energy transfer from blue (670 nm) to red (680 nm) Chl a pigments. Again, the peak shift decay rates are very different from the transient grating rates. Both peak shift curves are dominated by a 20 fs decay component, probably due to interference between many vibrational modes. For CP29, this decay is followed by a slow component with a time constant of 3 ps, whereas for LHCII, an additional decay with a time constant of 150 fs is observed. This decay shows the presence of fast energy transfer between blue Chl a pigments or exciton levels. For such fast transfer, the presence of a Chl a pair at sites A 3 and B 3 is the best explanation, which suggests that at least one of these sites is mixed in the native LHCII complex. The 3 ps equilibration time observed in both complexes is explained by transfer between distant Chl a molecules, which absorb close to 670 nm. For LHCII, such transfer can occur from B 3 or A 3 (given that the other site of this pair binds a Chl b), and maybe from A 6 , to the A 4 -A 5 pair. For CP29, this component may be attributed to transfer between several Chls a, such as from B 3 or A 3 to the A 1 -A 2 pair, or between B 5 and B 6 , if both sites can bind a Chl a. 
